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Abstract Metallic zinc is an excellent anode material for

Zn-ion batteries, but the growth of Zn dendrite severely

hinders its practical application. Herein, an efficient and

economical cationic additive, poly dimethyl diallyl

ammonium (PDDA) was reported, used in aqueous Zn-ion

batteries electrolyte for stabilizing Zn anode. The growth

of zinc dendrites can be significantly restrained by bene-

fiting from the pronounced electrostatic shielding effect

from PDDA on the Zn metal surface. Moreover, the PDDA

is preferentially absorbed on Zn (002) plane, thus pre-

venting unwanted side reactions on Zn anode. Owing to the

introduction of a certain amount of PDDA additive into the

common ZnSO4-based electrolyte, the cycle life of

assembled Zn||Zn cells (1 mAcm-2 and 1 mAhcm-2) is

prolonged to more than 1100 h. In response to the perfo-

ration issue of Zn electrodes caused by PDDA additives,

the problem can be solved by combining foamy copper

with zinc foil. For real application, Zn-ion hybrid super-

capacitors and MnO2||Zn cells were assembled, which

exhibited excellent cycling stability with PDDA additives.

This work provides a new solution and perspective to cope

with the dendrite growth problem of Zn anode.

Keywords PDDA; Electrostatic shielding effect; Zn

anode; Zn dendrites

1 Introduction

The aqueous rechargeable Zn-ion batteries (ZIBs) are

extremely attractive in the field of energy storage systems,

due to the combination of high theoretical capacity of Zn

metal anode (820 mAhg-1), low redox potential

(- 0.76 V vs. standard hydrogen electrode), enhanced

safety and low cost [1–3]. However, the Zn metal anode

faces great challenges of dendritic Zn growth and interfa-

cial side reactions, largely limiting the practical applica-

tions of ZIBs [1, 4]. The main reason for the growth of Zn

dendrites is the presence of the uneven charge distribution

at the electrolyte/electrode interface, which causes irregu-

lar zinc deposition [5]. Moreover, the freshly deposited Zn

exists the tip effect and is more susceptible to generate side

reactions (e.g., production of Zn4(OH)6SO4xH2O or H2

releasing), which might short circuit the ZIBs and lead to

poor cycle stability [6]. Therefore, regulating the Zn2?

disposition and restraining the dendrite growth of Zn metal

anodes are the key to breaking the above-mentioned bot-

tlenecks, to meet people’s demand for the application of

clean energy [7–10].

Building a viable protective layer or artificial solid

electrolyte interphase (SEI) can be considered as a direct
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solution to block the dendrite growth and reduce side

reactions [11, 12]. Inorganic metal compounds (e.g., TiO2,

Al2O3, ZnF2 and ZnS) usually serve as protective layers to

mitigate dendrite growth [13–16]. Nevertheless, it should

be noted that some protective layer synthesis can be intri-

cate and constrained by the electrode shape. For example, a

Zn anode with nitrogen-doping interface is synthesized by

plasma surface treatment [17]. Although nitrogen-doping

technology could improve Zn anode stability and suppress

dendrite growth to some extent, the high-frequency plasma

generator is expensive and requires more time to synthe-

size. Compared with the above-mentioned methods, the

electrolyte engineering is a simple way to improve the

growth of Zn dendrites [18, 19]. The most common method

involves the incorporation of various nonionic compounds

as electrolyte additives, such as methanol, dimethyl sul-

foxide, dimethyl carbonate, and ethylene glycol [20–23].

By lone pair electron interaction with Zn2?, the nonionic

molecule substitutes H2O in the [Zn(H2O)6]
2? solvation

structure in aqueous ZnSO4-based electrolyte, minimizing

water activity and directing Zn2? deposition [7]. In addi-

tion, ionic compounds are often used as additives. Inspired

by cation additives in lithium-ion batteries, it was found

that some cation additives could also provide an electro-

static shielding effect on the Zn surface to hinder dendrite

growth [24]. For example, when the Na2SO4 is added into

the electrolyte, the Zn2? and Na? are adsorbed simulta-

neously on the Zn metal surface during Zn anode reduction

process, due to the lower reduction potential of Na? than

that of Zn2? [25]. During the Zn2?-deposition process,

there is a preferential reduction of Zn2? over Na?. Sub-

sequently, the Na? continues to adhere to Zn metal surface,

aggregating around the protuberant tips, and forming a

local electrostatic shielding layer to drive Zn2? to deposit

in adjacent regions of the anode, leading to the formation

of a smoothly deposited layer that significantly restrains

dendrite growth. It is worth mentioning that this phe-

nomenon extends beyond common inorganic cation ion

(e.g., Li?, K? and NH4
?) [26–28]. Organic cation includes

cholinium cations, triethylmethyl ammonium and tetra-

butylammonium [5, 29, 30]. Diethylamine hydrochloride

homologues was studied and found that Zn dendrites was

significantly inhibited with number of methyl increasing

[4]. To improve the performance, a large quantity of

organic additives were introduced (over 1 molL-1).

However, this approach led to an undesirable increase in

polarization for ZIBs, which had a negative impact on cell

performance. In this regard, an efficient additive to sup-

press dendrite formation without causing additional nega-

tive effects should be discovered [4].

Polymer electrolyte additives are a kind of effective

additive. Li et al. [31] used the PEG200 to regulate dendrite

growth to improve the long-term cycling stability of

aqueous rechargeable Zn||Zn batteries. Huang et al. [32]

took advantage of Zn2? adsorption on the acyl group of

polyacrylamide (PAM), which was subsequently carried

throughout the polymer chain, resulting in a homogeneous

Zn distribution on the electrode surface. Polyvinylpyrroli-

done (PVP) acted as a highly efficiency electrolyte addi-

tive, exerting a significant influence on Zn dendrite

inhibition during electroplating process. Relying on elec-

trostatic power and spatial resistance of PVP, a small

amount of PVP brought about excellent results for ZIBs

[33].

In this study, a poly dimethyl diallyl ammonium

(PDDA) cation polymer was introduced as an additive to

ZnSO4 electrolyte. PDDA, a typical cation ion polymer,

offers a plethora of advantages including low toxicity,

chemically stable, and easy to synthetize [34, 35]. PDDA

possesses strong electrostatic shielding effect for Zn metal

anode, accompanied by favorable absorption property on

Zn surface. A small amount of PDDA fulfills the require-

ments of regulating Zn2? disposition and restraining den-

drite growth. Moreover, PDDA is preferentially absorbed

onto Zn (002) plane to protect Zn electrode from side

reactions. The cycle life of assembled Zn||Zn cells

(1 mAcm-2 and 1 mAhcm-2) is prolonged from less than

150 h to more than 1100 h. To tackle the issues of Zn

electrode perforation caused by PDDA additive, a solution

involves the combination of more foamy copper with Zn

foil. Furthermore, the Zn-ion hybrid supercapacitors

(ZHCs) and MnO2||Zn batteries display long cycle life with

PDDA additive.

2 Results and discussion

2.1 Function of PDDA

In order to elucidate the solventized structure of Zn2?

formed by PDDA with ions (Zn2? and SO4
2-) in the

electrolyte, the physicochemical properties of several

electrolytes and compounds were investigated in this work.

Figure 1a shows the possible structure of PDDA with

ZnSO4. Since the quaternary ammonium functional group

of positive ions can effectively attract negative ions, the

sulfate ion (SO4
2-) is close to the quaternary ammonium

part of PDDA additive. To substantiate this phenomenon,

Raman and nuclear magnetic resonance (NMR) were used

to directly characterize the solvation structures of elec-

trolytes. Raman spectra (Fig. 1b) demonstrate that the

SO4
2- signal experiences a redshift, which indicates that

the environment around SO4
2- has been changed by PDDA

[5]. In turn, the environment around PDDA has also been

changed by SO4
2-. According to the molecule structure of

PDDA, it is notable that two methyl groups are directly



bonded to nitrogen atom (positive charge). The proximity

of SO4
2- to nitrogen atom can affect the surrounding

environment of these two methyl groups. PDDA methyl 1H

of methyl groups NMR spectra and the full 1H NMR

spectra are shown in Figs. 1c, S1a, respectively. For pure

PDDA, the methyl peak is at 2.996 9 10-6. With ZnSO4

adding, the characteristic peak undergoes an up-field shift

from 2.996 9 10-6 to 2.975 9 10-6. The reason for the

above phenomenon is that the rich-electron SO4
2- partially

replaces Cl- and is close to nitrogen atom of PDDA,

leading to the enhancement of charge shielding and

changing position of methyl NMR peak [36]. Similarly, the

methylene peak shifts to up-field, as shown in Fig. 1d.

These results prove that SO4
2- tends to nitrogen atom of

PDDA. Moreover, Zn2? tends to associate with SO4
2- and

neighboring PDDA in the electrolytes. The surrounding

environment of zinc ions and the overall electrolyte

structure has been modified by PDDA.

In addition to the solvation structure of the electrolyte,

the interaction between PDDA and Zn metal surface was

also studied. Fourier-transform infrared (FTIR) and X-ray

photoelectron spectroscopy (XPS) were employed to

investigate the interaction. Zn foils were soaked in ZnSO4

and ZnSO4-0.8% PDDA electrolytes for 24 h and ultra-

sonic washed by deionized water several times to remove

residual electrolyte, respectively. FTIR peaks at

3150–2778 and 1502–1391 cm-1 could be ascribed to the

bending vibration of –CH2– and –C–N of PDDA (Fig. S1b)

[37]. The peaks at 1225–1003 cm-1 could be ascribed to

the bending vibration of SO4
2- [38]. To further reveal the

effect of PDDA on Zn surface, the bending vibration of –

C–N (PDDA) was carefully measured (Fig. 1e). Pure

Fig. 1 Characterizations of electrolyte structure: a schematic diagram of PDDA cations in ZnSO4 electrolytes; b Raman spectra of
electrolytes between 960 and 1010 cm 1 (SO4

2 signal); c, d 1H of methyl and methylene groups NMR spectra of different
electrolytes; e FTIR spectra; f XPS spectra; g binding energy of PDDA and H2O on Zn plane; h model of DFT calculations, showing a
Zn2? closing to Zn (002) plane with or without PDDA unit; and i system energy of Zn2? close to Zn (002) plane
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PDDA has two obvious peaks, which correspond to

stretching and shear vibration [37]. However, when PDDA

is absorbed on Zn surface (ZnSO4-0.8% PDDA), the merge

of two distinct peaks into one single peak indicates a strong

interaction between PDDA and Zn in terms of molecule

vibration modes. XPS result further proves the interaction

between PDDA and Zn (Figs. 1f, S1c). The characteristic

peak at N 1s orbital has shifted from 400.8 (pure PDDA) to

402.0 eV (PDDA on Zn anode surface), which indicates

that quaternary ammonium ion can interact with Zn metal

[39–41].

To further explain the action mechanism of PDDA, the

PDDA unit was chosen as a research object. Density

functional theory (DFT) calculations were also used to

confirm the interaction between PDDA and Zn. Model of

DFT calculations of binding energy is shown in Fig. S1d.

When PDDA unit and H2O are absorbed on different Zn

crystal planes (002), (101) and (102), binding energies of

PDDA are consistently lower than those of H2O, which

implies that PDDA could be more easy absorpted on the

surface of Zn anode. Furthermore, the binding energy of

PDDA on Zn (002) plane is the lowest (Fig. 1g), indicating

that PDDA has the strongest interaction between PDDA

and Zn (002) plane. In other words, Zn (002) plane may be

preserved during Zn plating/stripping process [42].

Owing to its cation-rich nature, PDDA, serving as an

electrolyte additive, provides the potential to engineeringly

controlled Zn2? deposition by means of the intrinsic

electrostatic shielding effect [1, 5, 43]. Model of DFT

calculations of system energy is shown in Fig. 1h. The

calculation model is a positively charged PDDA unit

absorbed on Zn (002) plane, and Zn2? continues to move

closer to the Zn (002) plane. As a result of the same charge

repulsion (PDDA unit and Zn2?), the overall system energy

would increase upon the addition of PDDA. When the

distance from Zn2? to Zn (002) plane is around

1.0–1.8 nm, system energies are about –16 eV either with

or without PDDA. When the distance is around

0.4–0.8 nm, the system energy rapidly increases. When

PDDA is present, it is coincided with the closer proximity

of Zn2? to Zn (002) plane. To the contrary, the system

energy without PDDA remains almost constant. Conse-

quently, PDDA can provide the electrostatic shielding

effect for Zn2? deposition. The electrostatic shielding

effect also can inhibit the growth of Zn dendrite [44].

A three-electrode system was used to analyze the

function of PDDA in electrolyte. Cyclic voltammetry (CV)

measurements were carried out to study the effect of

PDDA on the reversibility of Zn plating and stripping. As

shown in Fig. 2a, the redox peaks of Zn plating and

stripping shift to the lower left and the corresponding peak

currents also decrease, when PDDA was added into the

electrolyte. This indicates that PDDA slows down the rate

of Zn plating and stripping. The chronoamperometry (CA)

was used to further investigate the effects of PDDA addi-

tive on the Zn nucleation and growth (Fig. 2b) at

- 150 mV (vs. Zn2?/Zn). The initial current density of

ZnSO4-0.8% PDDA (absolute value) is less than that of

ZnSO4, and the current density increases until the first 6 s.

A current rise (0–6 s) indicates that nucleation and growth

enhance Zn metal electrode surface area of ZnSO4 and

ZnSO4-0.8% PDDA. In the following process, the current

of ZnSO4 continues to increase, while the ZnSO4-0.8%

PDDA current decreases after 6 s, demonstrating that the

deposition of Zn is restrained by PDDA in electrolyte. In

addition, the Tafel plot was tested for the reduced corrosion

current density of Zn electrode in ZnSO4 and ZnSO4-0.8%

PDDA electrolytes (Fig. 2c). For aqueous electrolyte,

hydrogen evolution corrosion often occurs. The corrosion

current density of ZnSO4 and ZnSO4-0.8% PDDA is of

1.26 and 0.45 mAcm-2, respectively. The incorporation

of PDDA results in a decrease of the corrosion current,

suppress of hydrogen evolution corrosion, as well as an

improvement in the zinc anode’s compatibility with the

electrolyte. The corrosion potential decreases from

- 1.005 to - 1.018 V (vs. SCE) with PDDA added.

Moreover, the decrease in the corrosion potential also

indicates the reduced propensity for hydrogen evolution,

thereby providing evidence of corrosion inhibition.

To further verify the inhibitory effect of PDDA additives

on Zn surface corrosion, Zn foils were soaked in ZnSO4 and

ZnSO4-0.8% PDDA electrolytes for 7 days, respectively.

The corresponding scanning electron microscope (SEM)

images show the presence of many large angular particles on

Zn foil surface when using ZnSO4 electrolyte (Fig. 2d).

However, a compact and flat Zn surface is maintained in the

PDDA containing electrolyte (Fig. 2e). The soaked Zn foils

were tested by X-ray diffraction (XRD). The emergence of

reflections can be attributed to the newly formed by-prod-

ucts Zn4(OH)6SO4xH2O (x = 0.5, 2, 4, 5 and 6, abbreviated

as ZOSH) for the ZnSO4 electrolyte, as shown in Fig. 2f.

Many large angular particles (Fig. 2d) should be ZOSH by-

products. The H2 evolution and by-product formation are

mainly ascribed to the Zn corrosion. It raises the local pH

value and then triggers the precipitation reaction of OH-

with Zn2?, SO4
2-, and H2O (4Zn2? ? SO4

2- ? 6

OH- ? xH2O ? Zn4(OH)6SO4xH2O). By contrast, only

the characteristic peak of Zn is found for zinc foil soaked

without other miscellaneous peaks, which implies that no

by-products are produced in ZnSO4-0.8% PDDA electrolyte

(Fig. 2f). According to the DFT result, PDDA tends to be

absorbed on Zn surface rather than H2O, thereby protecting

the Zn surface from corrosion of H? (from H2O).

Considering that PDDA is a cation-rich polymer and

easy to be adsorbed on Zn anode surface, Fig. 2g, h illus-

trates how electrostatic shielding effect inhibits the growth



of Zn dendrites. In conventional ZnSO4 electrolytes,

decomposition process of Zn inevitably leads to the for-

mation of some protuberant tips. A strong electric field will

be generated around protuberant tips, which accelerates the

deposition of Zn and tends to form dendrites (Fig. 2g) [5].

In addition, the cation-rich PDDA polymer chain can

produce strong electrostatic repulsion with Zn2? in the

electrolyte, which will restrain the growth of zinc dendrites

even at protuberate tips (Fig. 2h).

2.2 Electrochemical performance of Zn||Zn cells

Through the study of a three-electrode system, it was found

that PDDA had the ability to control the growth of Zn

dendrites. To systematically assess the practical

performance of PDDA additives to effectively inhibit the

Zn dendrite growth, the Zn||Zn symmetric cells were

assembled for electrochemical characterization. Electro-

chemical impedance spectroscopy (EIS) analysis is pre-

sented in Fig. 3a–c. Nyquist profiles (Fig. 3a) demonstrate

that the diameter of impedance semicircle decreases with

the addition of PDDA, indicating a decrease in charge

transfer resistance (Rct) (Table S1). The Rct of cell with

ZnSO4-0.8% PDDA was the smallest among three samples.

Similarly, the impedance magnitudes of cell in ZnSO4-

0.8% PDDA and ZnSO4-1.6% PDDA are smaller than

those in pure ZnSO4 among all the frequency (Fig. 3b).

The diffusion coefficient of Zn ions on the electrode sur-

face can be estimated by linear fitting of the low-frequency

part (0.1–0.01 Hz). Figure 3c shows three kinds of

Fig. 2 Role of PDDA additive on Zn deposition: a CV curves in ZnSO4 and ZnSO4-0.8% PDDA, with Cu foil as a worker electrode;
b chronoamperometric curves of Zn electrodeposition under - 150 mV; c Tafel plots of metal Zn in ZnSO4 and ZnSO4-0.8% PDDA; d,
e SEM images and f XRD patterns of Zn foil soaked in ZnSO4 and ZnSO4-0.8% PDDA for 7 days; illustration of Zn deposition process
based on electrostatic shielding effect g without PDDA and h with PDDA

Rare Met. (2024) 43(8):3735–3747



electrolytes with linear fitting. The slop (r) of ZnSO4-

0.8% PDDA is almost equal to that of ZnSO4-1.6%

PDDA (Table S1). And their slop values are lower than

those of ZnSO4. According to Eqs. (S1–S3), diffusion

coefficients (D) of ZnSO4-0.8% PDDA and ZnSO4-1.6%

PDDA are higher than that of ZnSO4, indicating that

PDDA additive can improve properties of ions diffusion.

However, PDDA additive increases the polarization of Zn

metal anode, which is contradicted by EIS test (Fig. 2a).

A reasonable explanation is that CV involved electro-

chemical reactions (i.e., Zn deposition), while EIS of

Zn||Zn cell represented a physical process, without

chemical reactions occurring. EIS is the movement of

charge carriers in electric fields of different frequencies

[45]. Owing to the presence of abundant positive charge

carriers in PDDA and its adsorption on the surface of Zn

anode, more charges were involved in the movement,

which reduced internal resistance of Zn anode. According

to the principle of electrostatic shielding effect, it takes

place during the electrochemical process that regulates

deposition of Zn2? and enhances electrochemical polar-

ization [25].

The plating/stripping test was conducted in Zn||Zn

symmetric cells under different galvanostatic conditions to

evaluate the electrochemical performance. As shown in

Fig. 3d, e, the cycle life of Zn||Zn symmetric cells

containing PDDA is substantially longer than that of

symmetric cells with pure ZnSO4. Among them, ZnSO4-

0.8% PDDA has the longest life span of over 1200 h, under

1 mAcm-2 with 1 mAhcm-2. ZnSO4-1.6% PDDA sam-

ple, which contains a high concentration of PDDA, has an

extended lifetime of more than 900 h before short circuit

occurs. The shortest life of ZnSO4 is less than 150 h prior

to short circuit. Note that the polarization potential of

ZnSO4 is about 39 mV, while the polarization potentials of

cell in ZnSO4-0.8% PDDA and ZnSO4-1.6% PDDA are

about 80 and 83 mV, respectively, during the initial pro-

cess. The main reason for this phenomenon can be that

PDDA regulates Zn deposition and restrains the growth of

Zn dendrites via electrostatic shielding effect of PDDA,

which is consistent with Fig. 2a, b. Many cations enhance

the electrostatic shielding effect, but result in increased

polarization. In this case, the polarization potentials of

ZnSO4-1.6% PDDA is greater than those of ZnSO4-0.8%

PDDA, which is detrimental to the suppression of Zn

dendrites growth. When the test condition was changed to

high current (5 mAcm-2), the advantage of PDDA addi-

tive exhibits more obviously (Fig. 3e). ZnSO4-0.8% PDDA

has the longest life span of over 200 h, while ZnSO4-1.6%

PDDA has a lifespan of 144 h. ZnSO4 has a shortest cycle

of only 40 h. Therefore, it is worthwhile to explore ZnSO4-

0.8% PDDA in the next step.

Fig. 3 Electrochemical performance of Zn||Zn symmetric battery in different electrolytes: a EIS plots before cycling and (inset)
equivalent circuit, where Rs represents contact resistance, Rct is charge transfer impedance, CPE is constant phase element, and Zw

is Warburg impedance; b Bode curve; c low-frequency linear tting curve; galvanostatic zinc plating/stripping in Zn||Zn symmetric cells
at d current density of 1 mAcm 2 and areal capacity of 1 mAhcm 2 and e 5 mAcm 2 and 5 mAhcm 2



The rate performance of the symmetric cells was studied

with fixed 30 cycles. The area capacity of 1 mAhcm-2 at

current densities of 1, 2, 5, 10 and 30 mAcm-2 (Fig. 4a).

The overall polarization of ZnSO4-0.8% PDDA is higher

than that of ZnSO4, which is consistent with previous

testing. The symmetric cell in pure ZnSO4 tends to suffer

from short circuit after 120 h, while ZnSO4-0.8% PDDA

maintains good cycle stability due to the suppression of Zn

dendrite growth. As shown in Fig. 4b, when the cell was

tested at 5 mAcm-2 and 1 mAhcm-2, the cell of ZnSO4

could last only 62 h, while the life of ZnSO4-0.8% PDDA

was extended to more than 280 h. To further reveal the

failure process of ZnSO4, the cycled Zn electrodes were

characterized by XRD and SEM after cycling for 62 h

(Fig. 4c–e). There appears ZOSH reflections for ZnSO4

(Fig. 4c), but they are absent in ZnSO4-0.8% PDDA.

During the process of Zn deposition, H2 was generated,

resulting in high pH near the electrode. With higher pH,

ZOSH is easier to be formed on the electrode surface in the

pure ZnSO4 electrolyte. Based on three-electrode test and

immersion experiment (Fig. 2), PDDA additive can

observed to effectively inhibit the generation of H2 and

ZOSH. Therefore, Zn anode exhibits reduced propensity

for the formation of ZOSH in the ZnSO4-0.8% PDDA

electrolyte. In addition, Zn metal anode has loose and

uneven surface, leading to lamellar dendrites on the elec-

trode surface in pure ZnSO4 electrolyte (Fig. 4d). Owing to

the electrostatic shielding effect of PDDA, a highly com-

pact and dendrite-free surface is presented in Fig. 4e under

the same condition.

According to DFT results, PDDA tends to be adsorbed

on the Zn (002) plane, preserving the crystal plane of (002)

Fig. 4 Electrochemical performances of Zn||Zn symmetric cells in ZnSO4 and ZnSO4-0.8% PDDA electrolytes: rate performance at
different current densities with an area capacity of a 1 mAhcm 2 and b 5 mAcm 2 and 1 mAhcm 2; c XRD patterns of Zn metal
anode after cycling for 62 h at current densities of 5 mAcm 2 and 1 mAhcm 2; SEM images of Zn metal anode after cycling for
d ZnSO4 and e ZnSO4-0.8% PDDA for 62 h; f XRD patterns of Zn metal anode after cycling for different times; g I002/I101 of Zn metal
anode; and h SEM image of Zn foil in ZnSO4-0.8% PDDA after 280 h



upon the Zn plating/stripping process. The growth of

dendrites can be largely avoided when Zn metal is mainly

deposited on (002) crystal plane [42]. XRD patterns of Zn

metal anode were tested after cycling for 0, 62 and 285 h

for ZnSO4-0.8% PDDA electrolyte, respectively (Fig. 4f).

The relative intensity of Zn (101) plane gradually

decreased with operating time extending. XRD intensity is

positively correlated with the number of crystal planes. The

relative peak intensity of (002) over (101), denoted as I002/

I101, indicates the relative amount of (002) plane for Zn

anode (Fig. 4g). The value of I002/I101 continues to increase

from 0 to 285 h (failure time), confirming the (002) plane

dominated upon Zn deposition, which is consistent with

DFT results. However, Fig. 4g inset shows Zn anode per-

forated after a long cycle, which might lead to the failure of

Zn||Zn symmetric cells. Figures 4h, S2 both show that Zn

foil was severely perforated. Lots of steps appeared and Zn

dendrites were absent, which could be attributed to a typ-

ical plane type growth due to the electrostatic shielding

effect. At the same time, PDDA would also bring perfo-

ration of Zn anode issue.

2.3 Electrochemical performance of Cu||Zn
and foamy Cu–Zn||foamy Cu–Zn cells

Considering that PDDA additive can effectively restrain

the growth of Zn dendrites, when the intrinsic perforation

issue brought from PDDA can be settled mildly, it is useful

to optimize electrochemical performance via composite

anodes technique.

The first step is to combine Cu with Zn anode to solve

the perforation issue, due to the better chemical stability of

Cu than that of Zn. Figure 5a–c shows the electrochemical

performances of asymmetric cells (Cu||Zn) in ZnSO4 and

ZnSO4-0.8% PDDA. The configuration of Cu||Zn cell is

shown in the inset image (Fig. 5a). The test condition is

charging cutoff potential of 0.5 V (vs. Zn2?/Zn), dis-

charging cutoff capacity of 0.5 mAhcm-2 and current

density of 0.5 mAcm-2. It is worth mentioning that

Coulombic efficiency (CE) of ZnSO4-0.8% PDDA is

higher than that of ZnSO4, especially during the initial

cycles, which indicates that PDDA additive facilitates Zn

plating/stripping on Cu foil surface and improves the

electrochemical reversibility (Fig. 5a). In subsequent

cycles, ZnSO4-0.8% PDDA CE gradually approaches

100%. Figure S3a, b shows the voltage profiles of the 1st

and 20th cycles, respectively. The charge capacity of

ZnSO4-0.8% PDDA is superior to that of ZnSO4 in the 1st

cycle. Furthermore, Cu|ZnSO4-0.8% PDDA|Zn has a much

better cycle life than Cu|ZnSO4|Zn, as shown in Fig. S3c.

In the next step, the current and capacity of Cu||Zn cells

were set to the same condition as the above-measured

Zn||Zn cell (5 mAcm-2 and 1 mAhcm-2). Figure S4a

shows Cu||Zn cells plating/stripping cycle life. When

cycling time was around 64 h, short circuit occurred in the

Cu||Zn employing ZnSO4. However, the Cu||Zn cell had a

lifetime of over 1000 h in ZnSO4-0.8% PDDA electrolyte,

which was far more than the Zn||Zn cell (Fig. 4b) under the

same conditions. Cu foil in ZnSO4 and ZnSO4-0.8% PDDA

electrolytes after cycling for 64 h was further analyzed by

SEM. Lamellar dendrites are observed on the Cu surface

for ZnSO4 (Fig. 5b), whereas Cu foil has a flat dendrite-

free surface in ZnSO4-0.8% PDDA electrolyte (Fig. 5c).

This phenomenon can be ascribed to the electrostatic

shielding effect of PDDA.

However, normal Cu foil is unsuitable for direct use as

an anode due to the lack of Zn2? supply. Furthermore, if

Zn foil is covered with copper foil as a composite anode, a

copper foil does not effectively facilitate the penetration of

Zn2? from copper foil to Zn foil. Therefore, a porous and

foamy Cu–Zn composite anode was introduced. The

structure of foamy Cu–Zn anode is shown in the inset

image (Fig. 5d). The symmetric cell was tested by the

condition of 5 mAcm-2 and 1 mAhcm-2 and ZnSO4-

0.8% PDDA served as the electrolyte. The curve displays a

symmetric shape, which is a typical characteristic observed

in symmetric cell (Figs. 5d, S5a, b). The foamy Cu–Zn

symmetric cell has a prolonged lifetime of over 1200 h,

which is much longer than the Zn symmetrical cell life

(Fig. 4b) under the same testing condition.

Figures 5e, S5c show the pristine and cycled (1200 h)

optical images of foamy Cu and Zn foil in light transmit-

tance and reflectance. Pristine foamy Cu presents the por-

ous structure, while pristine Zn foil is a piece of continuous

solid. After 1200 h cycling, the pores of foamy Cu were

filled with zinc metal, while the Zn foil was perforated. In

other words, zinc metal was gradually transferred to foamy

Cu during zinc plating/stripping process. SEM images of

foamy Cu of ZnSO4-0.8% PDDA before and after cycling

are shown in Fig. 5f–g. The pristine foamy Cu is frame-

like (Fig. 5f).

Figure 5g also presents the SEM image of foamy Cu–Zn

symmetric cells in ZnSO4-0.8% PDDA after 1200 h. The

voids of foamy Cu have been filled with Zn metal. Zn

deposition on the surface of foamy Cu is relatively flat

without the growth of Zn dendrites, as shown in Fig. 5h.

Moreover, XRD patterns further verify the above-men-

tioned phenomenon (Fig. S5d). Pristine foamy Cu exhibits

only three main reflections without impurity. After 1200-h

cycling, XRD presents strong zinc characteristic peaks.

There is an orientation on Zn (002) plane, which indicates

that the preferential growth of Zn within foam Cu foil

occurred due to the influence of PDDA additive. When

foamy Cu was combined with Zn foil, Zn foil was perfo-

rated upon cycling. XRD patterns of Zn reveal the absence

of preferential growth along the (002) plane, and newly



formed reflections can be attributed to ZOSH by-product

on the Zn foil (Fig. S5e). Therefore, the introduction of

foamy Cu–Zn electrode can successfully solve the issue of

Zn foil perforation during plating/stripping process.

Meanwhile, Zn2? disposition and dendrite growth are also

inhibited by PDDA for the foamy Cu–Zn electrode.

2.4 Cycling performance of Zn-ion supercapacitors
(ZHCs) and Zn-ion cells

To explore the potential application of PDDA additives,

Zn-ion hybrid supercapacitors (ZHCs) have been

assembled with commercial active carbon (AC) as a cath-

ode, and foamy Cu–Zn as an anode in the ZnSO4-0.8%

PDDA and ZnSO4 electrolytes, respectively. CV curves

show a quasi-rectangular shape with reversible redox

humps at various scan speeds, which is basically the

combination of capacitor and battery behavior for ZnSO4-

0.8% PDDA and ZnSO4 (Figs. 6a, S6a). Zn ions were

reversibly absorbed/desorbed on AC cathode (capacitor

behavior), while Zn plating/stripping process happened on

the foamy Cu–Zn anode (battery behavior), which widens

the potential window and improves the capacity. CV area

of ZHC with ZnSO4-0.8% PDDA is generally larger than

Fig. 5 Electrochemical performance of asymmetric Cu||Zn cells in ZnSO4 and ZnSO4-0.8% PDDA: a Coulombic efciency under
charging cutoff potential of 0.5 V (vs. Zn2?/Zn) and discharging cutoff capacity of 0.5 mAhcm 2; SEM images of Cu foil in b ZnSO4

and c ZnSO4-0.8% PDDA electrolytes after 64 h under 5 mAcm 2 and 1 mAhcm 2. Electrochemical performance of foamy Cu–Zn
symmetric cells in ZnSO4-0.8% PDDA electrolyte at current densities of 5 mAcm 2 and 1 mAhcm 2: d cycling performance of cells;
e optical photographs of foamy Cu and Zn foil before and after cycling; SEM images of foamy Cu in ZnSO4-0.8% PDDA electrolyte
f before and g, h after cycling



that of ZnSO4 (Figs. 6a, S6a) at different scan speeds,

signifying that the capacity is higher when ZnSO4-0.8%

PDDA is used as the electrolyte. Galvanostatic charge–

discharge (GCD) is a direct measure in terms of capacity.

In Figs. 6b, S6b, GCD curves of ZHC in ZnSO4-0.8%

PDDA and ZnSO4 were nearly symmetric at different

current density (0.2–5 Ag-1), indicating a typical capaci-

tor for AC cathode. Moreover, capacities of ZHCs in

ZnSO4 and ZnSO4-0.8% PDDA at different current density

(0.2–5 Ag-1) are shown in Fig. 6c. The ZHC in ZnSO4-

0.8% PDDA always delivers higher capacities in ZnSO4.

The possible reason is that PDDA contains smaller ionic

radius Cl- and improves capacitance. Thus, energy density

of ZHC in ZnSO4-0.8% PDDA is correspondingly higher

than that of ZnSO4 (Fig. 6d) at different power densities.

Regarding long GCD cycling test, PDDA additive exerts a

huge advantage (Fig. 6e). The capacity of ZnSO4 was 38.8

mAhg-1 in the first 10 cycles. With cycle number

increasing, CE becomes unstable in ZnSO4, which implies

that the side reactions are exacerbated in ZHCs. The

capacity rapidly decreases to 19.8 mAhg-1 after 6850

cycles, which is only 51% of the capacity in the 10th cycle,

indicating that slight short-circuit ZHCs occurred and the

growth of Zn dendrites on Zn anode began. For the purpose

of demonstrating short circuit taking place, ZHCs were

dismantled after the loop for 6850 cycles, and surface

morphology tests were conducted on the foamy Cu. The

surface of foamy Cu of ZnSO4 exhibits severe dendritic

growth (Fig. S6c). On the contrary, the surface of foamy

Cu of ZnSO4-0.8% PDDA displays a smooth and flat

appearance as shown in Fig. S6d. When PDDA is added

into electrolyte and foamy Cu–Zn is used as anode, the

capacity of ZHC with the ZnSO4-0.8% PDDA electrolyte

is of 44.5 mAhg-1 in the first 10 cycles. The capacity

maintains stable in subsequent cycles and is of 39.5

mAhg-1 in the 20000th cycle with a capacity retention of

89%.

In addition, note that PDDA additive is also suitable for

MnO2||Zn cells. MnO2||Zn cells were assembled by MnO2

as a cathode, Zn foil as an anode with ZnSO4–MnSO4-

0.8% PDDA electrolyte. MnO2 cathode was prepared by

hydrothermal method, and its morphology shows an acic-

ular shape (Fig. S7a). XRD pattern matches with the

standard (JCPDS No. 44-0142) (Fig. S7b). Furthermore,

the addition of a certain amount of MnSO4 into electrolyte

can inhibit dissolution of MnO2 upon cycling to improve

cycling performance. To reveal the redox behavior of

MnO2||Zn cells, CV were measured and the curves dis-

played significant redox peaks [46]. Upon reduction, there

appeared two distinct reduction peaks, which represented

the insertion of H? and Zn2? into MnO2. In the oxidation

process, a main oxidation peak and an accompanying peak

appeared, indicating the de-insertion of H? and Zn2?.

Regarding CV measurements, redox peaks have slightly

pronounced in the ZnSO4–MnSO4-0.8% PDDA electrolyte,

which indicates PDDA additive enhances the capacity of

Fig. 6 Electrochemical performance of Zn-ion hybrid supercapacitors (ZHCs) in ZnSO4 and ZnSO4-0.8% PDDA electrolytes: a CV
curves at different scan rates; b GCD proles at different current densities; c rate performance test; d Ragone plot based on mass
loading of cathode active material; and e cycling performance at a current density of 5 Ag 1



cathode EIS result shows that Rct of cell in ZnSO4–MnSO4-

0.8% PDDA is smaller than that of ZnSO4–MnSO4

(Fig. 7b), which is in line with the result of Zn||Zn sym-

metric cell (Fig. 3a). The cell delivered a higher capacity

of ZnSO4–MnSO4-0.8% PDDA than that of the ZnSO4–

MnSO4, independent of different current density (Fig. 7c).

The discharge capacity increased with cycles going on,

which typically follows a battery activation [46]. The

advantage of PDDA additive is more obvious, particularly

at current density of 2C and 3C (1C = 300 mAg-1). It can

be attributed to Cl- involvement of enhanced activity of

MnO2 [47]. MnO2||Zn cells displayed two plateaus upon

discharge, implying co-intercalation of Zn2? and H? sep-

arately. However, voltage profiles of the identical cell

configuration only show one charge plateau (Fig. 7d).

These plateaus well correspond to redox peaks of CV

(Fig. 7a). When the cell was operated galvanostatically at

2C for long-term cycling test, it exhibited much longer

cycle life with ZnSO4–MnSO4-0.8% PDDA than the ones

without PDDA (Fig. 7e). The initial discharge capacity was

about 158 mAhg-1. Its capacity increased gradually to

around 200 mAhg-1 in the 100th cycle. This might be

caused by the catalytic process of MnO2 upon cycling. And

it remains 144 mAhg-1 in the 500th cycle with a capacity

retention of 91.1%. For battery with ZnSO4–MnSO4 elec-

trolyte, the initial capacity was 150 mAhg-1, which was

comparable to ZnSO4–MnSO4-0.8% PDDA. However,

ZnSO4–MnSO4 capacity started decreasing from the 181st

cycle, and meanwhile, the CE was also unstable. The

capacity of cell in the ZnSO4–MnSO4 electrolyte fell to

nearly zero in the 250th cycle, due to the unwanted reaction

at the Zn anode and short circuit caused by Zn dendrites. In

this case, it can recertify that PDDA was absorbed on Zn

(002) plane, and corresponding electrostatic shielding

effect could effectively inhibit by-products and restrain the

growth of Zn dendrites.

3 Conclusion

Summing up, a cationic polymer PDDA was introduced as

an effective additive to stabilize Zn anode. PDDA, absor-

bed preferentially on Zn (002) plane, not only provides an

electrostatic shielding effect to restrain the growth of Zn

dendrites, but also protects Zn anode from side reaction.

Furthermore, to mitigate the issue of Zn electrode perfo-

ration caused by PDDA additive, a successful approach

was introduced by combining more chemically

stable foamy copper with Zn foil. With the PDDA additives

in electrolyte, Zn anode life is more than 1100 h in the

Zn||Zn cell (1 mAcm-2 and 1 mAhcm-2). In addition,

Zn-ion hybrid supercapacitors (ZHCs) and MnO2||Zn bat-

teries with PDDA additive exhibit excellent rate perfor-

mance and durable lifespans. ZHCs and MnO2||Zn batteries

Fig. 7 Electrochemical performance of MnO2||Zn cells in ZnSO4 and ZnSO4-0.8% PDDA electrolytes: a CV curves at scan rate of
0.2 mVs 1; b EIS plots; c rate performance; d GCD proles under 1C; and e cycling performance at 2C

Rare Met. (2024) 43(8):3735–3747



life reach 20,000 cycles and 500 cycles, respectively. Our

findings might lead to a simple and effective engineering

strategy for inhibiting the formation of metal dendrite,

allowing Zn-ion batteries and Zn-ion supercapacitors to

have a long cycle life in potential applications.
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